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INTRODUCTION 


A  major  objective  in  fractal  analysis  of  fracture  is  to  provide  quantitative  measures  of 
fracture  surface  complexity  and  thus  to  gain  deeper  understanding  of  the  fracture  process.  For 
example,  in  ductile  metals,  such  as  high-toughness  steels,  the  microscopic  process  that  governs 
the  generation  of  complex  fracture  surfaces  is  microvoid  formation  at  grain  and  carbide 
interfaces.  The  microvoids  coalesce  at  the  crack  tip  permitting  the  crack  to  advance  by  internal 
necking  and  further  flow  and  rupture  of  the  metal  between  the  voids.  Thus,  higher  toughness  in 
such  materials  reflects  higlier  resistance  to  void  formation  so  that  a  higher  stress  intensity  at  the 
crack  tip  is  required  to  advance  the  crack.  It  is  not  yet  clear  how  the  fractal  properties  of  a 
fracture  surface  produced  by  such  a  process  should  depend  on  material  properties. 

The  fracture  surface  global  fractal  dimension  (i.e.,  D(q)  for  q=0)  has  been  observed  to 
vary  inversely  with  the  toughness  in  ductile  metals  (ref  1).  T^ese  findings  are  suggestive,  but 
they  are  only  part  of  the  story.  The  present  work  establishes  that  for  high-strength  and 
high-toughness  ASTM  A723  (modified  AISI 4340  with  0.2  at.  %  V)  steel,  Charpy  impact  fracture 
surfaces  exhibit  substantial  variations  in  local  fractal  parameters.  The  local  variations  of  the 
fractal  parameters  imply  that  the  ASTM  A723  steel  Charpy  fracture  surfaces  are  either 
inhomogeneous  and  fractal,  multifractal,  or  inhomogeneous  and  multifractal.  The  variability  of 
the  local  scaling  should  play  an  important  role  in  a  fractal  model  of  the  fracture  process. 

The  concept  the  of  "crowding  index"  was  introduced  by  P.  Grassberger,  R.  Badii  and  A. 
Politi  (ref  2)  to  define  the  local  scaling  over  a  range  of  scales  e  as  a(x,e)  =  ln(|i  (x,6))/ln(6) 
where  the  measure  p  (x,e)  is  taken  here  as  the  length  of  coastline  in  an  \epsilon-ball  centered  at 
X  where  x  is  on  the  set. 

We  report  here  on  measurements  of  local  fractal  dimensions  for  individual  islands  and 
lakes  formed  by  sectioning  Charpy  impact  fracture  surfaces  of  an  ASTM  A723  steel.  We  denote 
the  local  dimensions  as  a(x,e)  since  they  are  closely  related  to  "crowding  indices."  The  a:(x,e) 
values  were  determined  using  the  perimeter-yardstick  technique,  which  has  previously  been 
employed  for  the  analysis  of  geographical  features.  Perimeter-yardstick  technique  is  based  on 
Mandelbrot's  (ref  3)  observation  that  the  length  of  a  coastline  increases  as  the  unit  of 
measurement,  or  "yardstick"  is  reduced.  The  length  of  a  fractal  coastline  L(E)  centered  at  x 
measured  with  yardstick  E  (approximately)  obeys  Richardson’s  equation; 

L(£)  = 

where  c  is  a  constant  and  D  is  the  coastline  fractal  dimension. 

The  yardstick  is  the  pixel  spacing  of  an  image  at  a  given  magnification  in  the  present 
analysis.  ITius,  the  perimeter  of  an  individual  island  or  lake  on  a  fracture  surface  section  is 
measured  at  several  magnifications  and  data  are  fit  to  Richardson’s  equation.  As  demonstrated 
by  log-log  plots  of  perimeter  p  versus  yardstick  E,  the  data  are  well-represented  by  Eq.  (1),  and 
a(x,e)-valucs  arc  determined  by  least  squares  fitting  of  ln(p(E))  versus  ln(E)  to  Eq.  (1).  Thus, 
the  measured  a(x,e)-valucs  are  average  crowding  indices  for  a  region  near  x  for  the  range  of 
scales,  €  «  £,  over  which  the  island  or  lake  perimeters  arc  measured.  Tliat  is,  a(x,e)  is  an 
average  of  "crowding  indices"  for  balls  of  radius  \epsilon  over  a  region  in  the  neighborhood  of  x 
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on  the  fracture  surface  defined  by  an  island  or  lake  perimeter.  We  follow  the  customary 
approach  and  ignore  differences  of  unity  (Mandelbrot’s  rule)  in  fractal  dimensions  for  a  surface 
and  its  sections. 

The  global  fractal  dimension  of  the  fracture  surface  sections  were  also  determined  by 
standard  slit-island  analysis  (refs  3-8).  The  local  fractal  dimensions  a(x,e)  determined  by 
perimeter-yardstick  analysis  are  consistent  with  the  fractal  dimension  determined  by  slit-island 
analysis  in  the  sense  that  the  average  a(x,e)  for  "randomly  selected"  islands  and  lakes  is 
consistent  with  the  global  D-value  determined  by  slit-island  analysis.  The  breadth  of  the 
distribution  of  a(x,e)-values  provides  additional  information  about  the  fracture  surface,  which  can 
not  be  obtained  via  slit-island  analysis.  If  a  muitifractal  interpretation  of  the  data  is  appropriate, 
limiting  values  of  the  global  multifractal  dimensions  D(q)  satisfy 

D(~oo)  :t  “^a(x.e)  and  D(»)  s  ”^a(jc,e) 


EXPERIMENTAL  DETAILS 

The  Charpy  impact  test  is  a  commonly  used  measure  of  material  toughness.  A  square 
V-notched  bar  is  struck  and  fractured  by  a  swinging  arm  and  the  energy  absorbed  is  determined 
from  the  amplitude  of  the  swing  of  the  arm.  The  Charpy  specimens  were  standard  10-mm 
square  V-notched  bars,  prepared  from  a  sample  of  ASTM  A723  (modified  AISI 4340  with  0.2  at. 
%  V)  steel,  which  had  been  heat  treated  to  produce  tempered  martensite  having  nominal 
strength  of  160  Ksi  and  hardness  of  38  on  the  Rockwell  C  scale. 

Fracture  surfaces  were:  (1)  coated  with  electroless  nickel  (chosen  for  hardness  and 
uniformity);  (2)  polished  on  a  metallurgical  grinding  wheel;  and  (3)  etched  with  a  2%  nitol 
solution  that  attacked  the  exposed  steel.  Subsequent  light  microscopic  examination  easily 
distinguished  islands  and  lakes;  lakes  (polished  zones)  appeared  bright  and  islands  (etched  zones) 
appeared  dark  in  the  microscope  field.  A  typical  coated  and  sectioned  Charpy  specimen  showing 
islands  is  displayed  in  Figure  1. 

Images  of  fracture  surfaces  were  digitized  via  a  video  camera  mounted  on  the 
microscope,  using  the  JAVA  image  analysis  system  (ref  9).  The  JAVA  system  employs  a  640  by 
480  array  of  gray  levels  (light  intensity  levels)  ranging  from  0  to  255  in  value  (0  black;  255  white), 
with  each  value  representing  the  darkness  of  the  image  at  that  particular  pixel  coordinate.  Thus, 
sectioned  fracture  surface  islands  and  lakes  were  displayed  on  the  computer  screen  in  shades  of 
gray  and  stored  as  arrays  of  gray  levels. 

Perimeter  measurements  for  Individual  islands  and  lakes  were  taken  at  magnifications  of 
3.2, 5,  10,  20,  and  50x.  The  yiirHrdck  values  were  taken  to  be  the  inverse  of  the  number  of  pixels 
required  to  represent  1  mm  at  each  magnification.  Islands  and  lakes  were  randomly  selected 
from  those  whose  dimensions  were  suitable  for  acquisition  at  magnifications  ranging  from  3.2  to 
50x. 
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Conventional  slit-island  analysis  was  performed  on  sections  of  the  same  Charpy  fracture 
surface.  Curve  fitting  and  computation  was  performed  using  MATLAB  software  (ref  10). 


RESULTS 

Typical  perimeter-yardstick  results  are  presented  in  Figure  2.  The  ln(p)  versus  ln(E) 
values  are  well-represented  by  straight  lines.  The  lack  of  (substantial)  scatter  or  curvature  in  the 
ln(p(E))  versus  ln(E)  curves  suggests  that  the  a(x,e)-values  are  essentially  constant  over  tb'" 
perimeters.  The  deduced  local  fractal  dimensions  a(x,€)  arc  summarized  in  Tabic  1. 
a(x,€)-values  for  e  »  1.3  x  lO"^  cm  ranged  from  1.17  to  1.40  (mean:  1.28,  standard  deviation: 

0.08)  for  the  "randomly  selected"  Charpy  fracture  islands  and  lakes. 


Table  1.  Summary  of  Results 

Perimeter-yardstick  local  fractal  dimensions  (locally  averaged  crowding  indices)  from  analysis  of 
islands  and  lakes  formed  on  sections  at  magnifications  of  .3.2,  5, 10,  20,  and  50x  on  Charpy 
impact  fracture  surface  of  ASTM  A723  steel. 

1.23, 1.39, 1.17, 1.21,  1.21 
1.40, 1.32, 1.36, 1.31,  1.19 

Slit-island  global  fractal  dimension  based  on  30  islands  and  30  lakes  from  the  same  sections 
imaged  at  a  magnification  of  lOx:  1.25. 

Slit-island  (perimeter-area)  results  for  60  islands  and  lakes  on  the  same  sections  used  for 
perimeter-yardstick  analysis  are  presented  in  Figure  3,  which  is  typical  of  results  obtained  from 
Charpy  fractures  in  tempered  martensite  for  ASTM  A723  steels  (ref  8).  The  ln(p)  versus 
In(arca)  values  are  linear  over  two  orders  of  magnitude  (from  0.0001  to  0.01  cm^)  in  area. 
Slit-island  analysis  yields  1.25  for  the  global  fractal  dimension,  which  is  consistent  with  the  mean 
value  of  the  local  fractal  dimensions  of  the  "randomly  selected"  subset  of  islands  and  lakes. 

Values  of  the  global  fractal  dimension  for  Charpy  impact  fractures  in  A723  steels  as  reponed  by 
McAnulty  et  al.  (ref  8)  ranged  between  about  1.20  and  1.30. 

The  variations  in  the  "randomly  selected"  island  and  lake  local  fractal  dimensions  a{x,e) 
are  real  and  reflect  variations  in  the  local  geometry.  The  variations  are  analogous  to  the 
variations  in  the  fractal  dimensions  of  different  geographical  coastlines.  One  might  conclude  that 
the  fracture  surface  of  high-strength  and  high-toughness  ASTM  A723  (modified  AISI  4340  with 
0.2  at.  %  V)  steel  is  fractally  inhomogeneous  or  homogeneously  multifractal  with 


1.24  ±  0.08 
-«•  1.32  ±  0.07 
-*  1.28  ±  0.08 


Lake  Dimensions 
Island  Dimensions 
Combined  Dimensions 
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D(-«)  i  1.40,  D(0)  «  1.25,  and  D(«o)  s  1.17 
The  single-branch  perimeter-area  data  support  the  multifractal  interpretation. 
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i-iyurL'  1.  Micrograph  of  a  coatcti  and  sectioned  Charpy  fraeiurc  surface  (2l)x). 
Several  layers  of  nickel  e\>aiing  are  visildc,  I  he  gray  islands  arc 
steel  and  tile  black  "islands"  arc  voids. 
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WARREN.  MI  48397-5000 

COMMANDER 

U.S.  MILITARY  ACADEMY 

ATTN:  DEPARTMENT  OF  MECHANICS  1 

WEST  POINT,  NY  10966-1792 

U.S.  ARMY  MISSILE  COMMAND 
REDST  ONE  SCIENTIFIC  INFO  CENTER  2 
ATTN:  DOCUMENTS  SECTION,  BLDG.  4484 
REDSTONE  ARSENAL,  AL  35898-5241 

COMMANDER 

U.S.  ARMY  FOREIGN  SCI  &  TECH  CENTER 
ATTN;  DRXST-SD  1 

220  7TH  STREET,  N.E. 

charlottf:sville,  va  22901 

COMMANDER 
U.S.  ARMY  LABCOM 

MATERIALS  TECHNOLOGY  J.^ORATORY 
ATTN:  SLCMT-IML  (TECH  LIBRARY)  2 
WATTiRTOWN,  MA  02172-0001 

COMMANDER 

U.S.  ARMY  LABCOM,  ISA 

ATTN:  SLCIS-IM-TL  1 

2800  POWER  MILL  ROAD 

ADELPHI,  MD  20783-1145 


NOTE:  PLEASE  NOTIFY  COMMANDER.  ARMAMENT  RESEARCH.  DEVELOPMENT.  AND  ENGINEERING  CENTER,  U.S. 
ARMY  AMCCOM,  A'lTN:  BENtT  LABORA'IORIES.  SMCAR-CCD-1L,  WATERVUET.  NY  12189-4050  OF  ADDRESS  CHANGES. 


TECHNICAL  REPORT  EXTERNAL  DISTRIBUTION  LIST  (CONTD) 


NO,  OF  NO.  OF 

COPIES  COPIES 


COMMANDER 

U.S.  ARMY  RESEARCH  OFFICE 

ATTN;  CHIEF,  IPO  1 

P.O.  BOX  12211 

RESEARCH  TRIANGLE  PARK,  NC  27709-2211 
DIRECTOR 

U.S.  NAVAL  RESEARCH  LABORATORY 
ATTN:  MATERIALS  SCI  &  TECH  DIV  1 

CODE  26-27  (DOC  LIBRARY)  1 

WASHINGTON,  D.C.  20375 


COMMANDER 

AIR  FORCE  ARMAMENT  LABORATORY 
ATTN:  AFATL/MN  1 

EGLIN  AFB,  FL  32542-5434 

COMMANDER 

AIR  FORCE  ARMAMENT  LABORATORY 
ATTN:  AFATL/MNF  1 

EGLIN  AFB,  FL  32542-5434 


NOTE;  PLEASE  NOTIFY  COMMANDER,  ARMAMENT  RE.SEARCH,  DEVELOPMENT,  AND  ENGINEERING  CENTER,  U.S. 
ARMY  AMCCOM,  ATTN;  BENFT  LABORATORIES,  SMCAR-CCB  TL,  WATERVLIET,  NY  12189-4050  OF  ADDRESS 
CHANGES. 


